Phototrophic microbial mat communities from 60 1C and 65 1C regions in the effluent channels of Mushroom and Octopus Springs (Yellowstone National Park, WY, USA) were investigated by shotgun metagenomic sequencing. Analyses of assembled metagenomic sequences resolved six dominant chlorophototrophic populations and permitted the discovery and characterization of undescribed but predominant community members and their physiological potential. Linkage of phylogenetic marker genes and functional genes showed novel chlorophototrophic bacteria belonging to uncharacterized lineages within the order Chlorobiales and within the Kingdom Chloroflexi. The latter is the first chlorophototrophic member of Kingdom Chloroflexi that lies outside the monophyletic group of chlorophototrophs of the Order Chloroflexales. Direct comparison of unassembled metagenomic sequences to genomes of representative isolates showed extensive genetic diversity, genomic rearrangements and novel physiological potential in native populations as compared with genomic references. Synechococcus spp. metagenomic sequences showed a high degree of synteny with the reference genomes of Synechococcus spp. strains A and B 0 , but synteny declined with decreasing sequence relatedness to these references. There was evidence of horizontal gene transfer among native populations, but the frequency of these events was inversely proportional to phylogenetic relatedness.
Introduction
The cyanobacterial mats of alkaline siliceous hot springs in Yellowstone National Park (Supplementary Figures 1A and 1B) have been studied for several decades as models for understanding the composition, structure and function of microbial communities (Brock, 1978; Ward et al., 1987 Ward et al., , 1992 Ward et al., , 2002 Ward et al., , 2011a . Simple and stable microbial communities containing dense populations of unicellular cyanobacteria (Synechococcus spp.) form in effluent channels of these springs between temperatures of 71 and 75 1C (the upper temperature limit of the phototrophic mats), and B50 1C.
Analysis of environmental 16S ribosomal RNA (rRNA) gene sequences showed a poor relationship between initially cultivated isolates and predominant native populations. For instance, the predominant Synechococcus spp. of these mats (A/B lineage) had p92% nucleotide identity at the 16S rRNA locus to the cultivated representatives available at that time (Ward et al., 1990) . Similarly, based on cultivation and pigment analyses (Bauld and Brock, 1973; Pierson and Castenholz, 1974) , it was once thought that Chloroflexus spp., which in culture use bacteriochlorophyll (BChl)-c and BChl-a to support photo-heterotrophy (Pierson and Castenholz, 1974) or photo-autotrophy (Holo and Sirevåg, 1986; Strauss and Fuchs, 1993) , were the dominant anoxygenic phototrophic bacteria in these mats. However, environmental 16S rRNA studies uncovered the importance of Roseiflexus spp. , organisms that contain BChl-a but lack BChl-c and grow axenically as photo-heterotrophs (Hanada et al., 2002) , although they possess genes encoding the enzymes of the 3-hydroxypropionate autotrophic pathway . In these cases, the inference of chlorophototrophic physiologies (that is, Chls are obligately required for phototrophy, in contrast to retinal-mediated proton translocation) could be made because oxygenic chlorophototrophs and anoxygenic chlorophototrophic Chloroflexales comprise monophyletic groups defined by 16S rRNA phylogeny. These predictions were confirmed with more recent cultivation and genomic analyses of Synechococcus spp. and Roseiflexus spp. isolates closely related to native mat populations (Allewalt et al., 2006; Bhaya et al., 2007; van der Meer et al., 2010) .
The inference of functional potential from 16S rRNA phylogeny is more problematic when sequences do not belong to groups that are monophyletic with respect to function. For instance, based on the observation that some 16S rRNA sequences retrieved from the mats fell just outside the monophyletic clade of known Chlorobiales, Ferris and Ward (1997) suggested the possible presence of bacteria closely related to green sulfur bacteria. Targeted analyses of photosynthetic reaction center genes provided evidence in support of this hypothesized functional group , but there was no way to associate the functional genes directly with the phylogenetic marker gene. Despite the successful retrieval of Chlorobiales from other thermal environments (Wahlund et al., 1991; Madigan et al., 2005) , this organism has to date evaded cultivation. Interestingly, the search for photosynthetic reaction center genes in the mats led to the discovery of the first known chlorophototrophic member of Kingdom Acidobacteria, Candidatus Chloracidobacterium thermophilum (Ca. C. thermophilum) ; usage of 'kingdom' for major Domain sub-lineages sensu Ward et al., 2011b) . The inference of potential chlorophototrophy was based on the discovery of a metagenomic clone containing an insert of mat DNA with both phylogenetic marker and functional genes. Because cultivated acidobacteria were not previously known to be phototrophic, inferences based on 16S rRNA data concerning the potential for phototrophy could not have been made before this discovery. Studies of an enrichment culture of Ca. C. thermophilum and its genome (Bryant et al., 2011) confirmed the inferences made from genetic data.
In this study, we used assembly of metagenomic sequences, combined with oligonucleotide frequency distributions and cluster analysis of scaffolds, to identify phylogenetically distinctive populations inhabiting the Octopus Spring and Mushroom Spring mats. Oligonucleotide frequency patterns contain phylogenetic information (Pride et al., 2003; Teeling et al., 2004) and have been used as a tool to determine phylogenetic signatures in metagenomic data from microbial communities (Woyke et al., 2006; Wilmes et al., 2008; Dick et al., 2009; Inskeep et al., 2010) . Annotation of open reading frames was used to identify phylogenetically and functionally informative genes in the scaffolds. We used the sequenced genomes of selected organisms, many of which have been cultivated from these or similar hot spring environments, and some of which are close relatives of predominant native populations in these mats, to 'recruit' metagenomic sequences (Supplementary Table 1 ). This combined approach enabled us to (i) discover new major populations of uncultivated community members; (ii) explore differences in the functional potential of native populations as compared with closely related isolates and (iii) observe differences in genomic content and synteny among closely related populations. This study also created a foundation for a companion study using metatranscriptomics to describe in situ gene expression in the chlorophototrophic taxa , the results of which strongly support our functional inferences and expand upon in situ gene expression studies of these mats (Steunou et al., 2006 (Steunou et al., , 2008 Jensen et al., 2011) .
Materials and methods
The experimental approaches have been presented in the following sections. (Bhaya et al., 2007) at sites with average temperatures of B60 and B65 1C. Synechococcus spp. genotypes B 0 and A are the respective dominant cyanobacterial 16S rRNA sequences at these temperatures. Samples were collected and sectioned vertically into approximately 1-mm-thick layers, which were frozen and then stored at À80 1C until further analysis. After enzymatic lysis of cells in the top green layer, DNA was extracted and sequences were characterized by PCR amplification of cyanobacterial 16S rRNA genes and subsequent analysis by denaturing gradient-gel electrophoresis to verify the presence of Synechococcus A-and B 0 -like genotypes (Supplementary Figure 3) . The extracted DNA was sheared into B1-3 and B10-12-kb fragments, which were used to prepare four metagenomic libraries corresponding to the low-and high-temperature samples from both Octopus and Mushroom Springs. End sequences of cloned inserts were produced by Sanger sequencing at the J Craig Venter Institute (JCVI, Rockville, MD, USA).
Metagenome assembly and annotation
The metagenomic sequences were assembled into scaffolds using the Celera assembler (Miller et al., 2008) , with the 'error' (that is, mismatch) rate set to 8% for the purpose of assembling non-identical close relatives, and the utgGenomeSize set to 2 000 000. The phylogenetic and functional marker genes in assemblies were identified using the programs AMPHORA (Wu and Eisen, 2008) , the JCVI annotation pipeline (Tanenbaum et al., 2010) or BLAST (Altschul et al., 1990) , using known reference sequences as queries. All annotations are inferences based on multiple lines of evidence produced using the tools listed above, but their functions are considered hypotheses for future biochemical characterization.
Clustering and characterization of assemblies
Oligonucleotide patterns were determined to obtain phylogenetic signals (Teeling et al., 2004) by counting the frequencies of all possible tri-, tetra-, pentaand hexa-nucleotide combinations for each scaffold X20 000 bp. Frequency counts were normalized by the length of the respective scaffold and subjected to k-means clustering (Kanungo et al., 2002) using the a priori value of k equal to 8 (see Supplementary Information Section 3 for rationale). Scaffolds that clustered together with X90% of 100 Monte Carlo trials were mapped using Cytoscape (Shannon et al., 2003) . Many scaffolds formed associations with core clusters at less stringent thresholds, but, except where noted, these were not included in the cluster analysis described here.
BLASTN recruitment and synteny with reference genomes Metagenomic sequences were used as queries in a custom BLASTN search to a selected database of 20 genomes from organisms isolated from thermal springs, known to be functionally and/or phylogenetically related to indigenous mat populations and/or processes, or representative of phylogenetic groups not otherwise included (Supplementary Table 1 ). The percent nucleotide identity (% NT ID) of metagenomic sequences relative to the reference genome that recruited them was used to identify those that could be confidently associated with the reference organism, taking into account the % NT ID between the genomes of strains of named species and genera (approximately 470% NT ID among species of named genera; see Supplementary Information Section 3 and Supplementary Figure 7) . The end sequences of a clone were considered 'jointly recruited' if the sequences were recruited by the same genome, or were considered 'disjointly recruited' if their end sequences were recruited by different reference genomes. The end sequences of jointly recruited clones were considered 'syntenous' when the sequences had the same orientation as the reference genome and were separated by a distance that was similar to the size of the DNA fragments used to construct the metagenomic library. Jointly recruited sequences that did not meet both of these criteria were considered 'non-syntenous.' The details of this process are described in Supplementary Information Section 3.
Results
Sanger sequencing of samples from all sites and temperatures yielded 167 Mb of metagenomic sequence data. Assembly resulted in 5769 scaffolds, totaling 33 Mb, which were produced from 67 Mb (40%) of the total sequence data set. Cluster analysis of oligonucleotide frequencies was used to characterize 394 scaffolds that were X20 000 bp in length, totaling 20.2 Mb (Table 1) . Prior to assembly, recruitment by reference genomes above the specified % NT ID cutoffs indicated in Table 2 accounted for 102 Mb of the total sequence data set (61%). Scaffold clusters accounted for an additional 13 Mb (7.8%) of the total unassembled metagenomic sequences that were not recruited to reference genomes above % NT ID cutoffs. Thus, we could confidently assign 69% of the total metagenomic sequences to known taxa or novel phylogenetic clusters by combining these approaches; 31% of the metagenomic sequences are currently of unknown origin. Consistent with the failure to detect 18S rRNA sequences at these temperatures , no eukaryotic sequences were observed. Aside of a relative underrepresentation of sequences from Ca. C. thermophilum (Supplementary Figure 4) , pyrosequencing of SSU rDNA amplicons from environmental DNA showed taxonomic profiles that were similar to those for cDNA sequences produced from rRNAs for the meta-transcriptome studies . Sequences likely originating from archaea were present, but were not in high abundance in the upper photic layer of these mats.
Major populations and their functional potential
Clustering on the basis of oligonucleotide frequency showed eight scaffold clusters ( Figure 1 and Table 1 ). Phylogenetic affiliations of these clusters were inferred from (i) direct co-clustering with reference genomes ( Figure 1 ); (ii) clusters being composed of sequences recruited by a reference genome at high % NT ID ( Figure 2 and Table 2 and Supplementary  Table 7 ) and (iii) the presence of phylogenetically informative marker genes within the clusters ( Figure 1 and Table 3 ). The metabolic potentials of organisms associated with these clusters were inferred from the functional genes they contained.
(i) Oxygenic Chlorophototrophs. Cluster-1 contained scaffolds that were strongly associated with the Synechococcus spp. strains A and B 0 genomes, and included cyanobacterial phylogenetic marker genes and functional genes that were indicative of oxygenic photosynthesis, the Calvin-BensonBassham cycle and genes involved in nitrogen and phosphorus acquisition that were described previously (Steunou et al., 2006 (Steunou et al., , 2008 Bhaya et al., 2007) . Most (86%) of these metagenomic sequences were jointly recruited and were more closely related to either the Synechococcus sp. strain-A or B 0 genome (Supplementary Figure 8) . The cyanobacterial scaffolds in these bins accounted for 19.7% of the total assembled sequence data (Table 2) , which was the largest amount assigned to any particular group of organisms. Differences between these cyanobacterial scaffolds and the Synechococcus spp. isolate genomes were found and provide evidence for functional diversity. Scaffolds from native Synechococcus sp. strain-A-like populations contained genes encoding feoAB (involved in Fe 2 þ transport) and genes homologous to the characterized bacterial enzymes urea carboxylase (ureA) and allophanate hydrolase (atzF; involved in the degradation of urea into ammonia and CO 2 ), both of which are not found in the Synechococcus sp. strain-A genome (Supplementary Table 9 ) (Kanamori et al., 2004; Cheng et al., 2005) .
(ii) Filamentous Anoxygenic Chlorophototrophs. Cluster-2 scaffolds had similar oligonucleotide frequencies to both Roseiflexus sp. strain RS1 and Roseiflexus castenholzii genomes, and they predominantly comprised sequences recruited by the Roseiflexus sp. strain RS1 genome (98%, with a mean of 95% NT ID; Supplementary Table 7 ). Many conserved phylogenetic marker genes, with sequences almost identical to homologs in the Roseiflexus sp. strain RS1 genome, were found on Cluster-2 scaffolds (Table 3) . Most of the Cluster-2 sequences were jointly recruited by the Roseiflexus sp. strain RS1 genome with more than 80% NT ID (Figure 2 ), which was above the mean from a comparison of Roseiflexus sp. strain RS1 and R. castenholzii homologs (Supplementary information Section 3). This observation implies that a large proportion of scaffolds are represented by sequences from a diverse assemblage of Roseiflexus spp., and is consistent with the diversity of sequences directly recruited by the Roseiflexus sp. strain RS1 genome by BLASTN independently of a metagenomic assembly ( Figure 2 ). One scaffold in Cluster-2 contained a diagnostic fused pufLM gene that encodes both of the type-2 photosystem reaction center polypeptides (pufL and pufM are characteristically fused in Roseiflexus spp.; Youvan et al., 1984; Yamada et al., 2005) (Figure 3 ). There were recA sequences highly similar to the Roseiflexus sp. strain RS1 recA in the metagenome (Supplementary Figure 10 ), but these were not encoded on the large scaffolds included in the cluster analysis. Suggesting that these organisms have the capability to fix inorganic carbon, Cluster-2 also contained eight open reading frames homologous to Roseiflexus spp. genes encoding key enzymes in the 3-hydroxypropionate pathway . Like Roseiflexus sp. strain RS1, Roseiflexus spp. native to the mat may have the potential to use H 2 as an electron donor because Cluster-2 scaffolds contain homologs of bidirectional [NiFe]-hydrogenases (hydAB) ( Table 3; van der Meer et al., 2010) . One open reading frame homologous to a nifH gene in the Roseiflexus sp. strain RS1 genome was also observed.
Oligonucleotide compositions of Cluster-3 scaffolds were not similar to any sequenced isolate genomes above the 90% cutoff; however, the phylogenetic and functional marker genes they contained indicated that these scaffolds were contributed by Chloroflexus spp. Most (82%) of the metagenomic sequences comprising these scaffolds were recruited at a high degree of similarity (Supplementary Table 7 ) by the genome of Chloroflexus sp. strain 396-1, which is currently the most representative cultivated organism compared with the native Chloroflexus spp. in these mats (van der Meer et al., 2010) . Most (85%) of the metagenome sequences recruited by the Chloroflexus sp. strain 396-1 genome were jointly recruited sequences that had a mean % NT ID of 91.3 ± 5.3% (Figure 2 ). One Cluster-3 scaffold contained a pufC homolog adjacent to bchP and bchG, consistent with the Figure 1 A network map of the core scaffold clusters observed in the Celera assemblies. Scaffolds with similar oligonucleotide frequency profiles that group together in the same cluster are connected by lines colored to indicate the percentage of times they cluster together (in X90% of 100 trials). The isolate genomes included in this analysis are indicated by large white circles, whereas metagenomic scaffolds that contain characterized phylogenetic marker genes are indicated by medium-sized circles colored according to taxonomic grouping. The area of each ellipse is proportional to the amount of metagenomic sequence data contained within each respective scaffold cluster.
Chloroflexus sp. 396-1 genome (93% NT ID, 100% amino-acid identity) (Figure 3 ). Overlapping metagenome sequences were missing upstream from the pufC open reading frame, so it could not be confirmed whether the native Chloroflexus spp. have the pufBAC operon structure observed in other Chloroflexus spp. (Watanabe et al., 1995) . However, the colocalized bchG and bchP genes and high % NT ID to Chloroflexus sp. 396-1 are consistent with this inference derived from oligonucleotide clustering (Figure 3) . Homologs of genes involved in both BChl-c and BChl-a biosynthesis were present in Cluster-3, indicating that the native Chloroflexus spp. are physiologically similar to known isolates with respect to light-harvesting strategies Frigaard and Bryant, 2006; Bryant et al., 2011) (Table 3) . Sequences encoding two key enzymes in the 3-hydroxypropionate pathway, and most closely related to homologs in the Chloroflexus sp. strain 396-1 genome, were present on Cluster-3 scaffolds. This suggests that Chloroflexus spp. in the mats may be capable of carbon fixation by the 3-hydroxypropionate pathway. Cluster-3 contained a homolog of sulfide-quinone oxidoreductases (sqr) in Chloroflexus spp., which suggested that these organisms might oxidize sulfide to polysulfides (Bryant et al., 2011) . Functional genes identified using BLAST and annotated using hidden Markov models, genomic context and/or phylogenetic analysis (see Supplementary Information Section 3).
(iii) Ca. Chloracidobacterium spp. Cluster-4 contained five scaffolds containing phylogenetic marker genes with best matches to Kingdom Acidobacteria (including a recA sequence labeled 'RecA Cabt' in Supplementary Figure 10) . These scaffolds had distinct oligonucleotide frequency patterns as compared with the Ca. C. thermophilum genome, of which a detailed analysis will be published separately (A Garcia Costas, Z Liu, L Tomsho, SC Schuster, DM Ward and DA Bryant, submitted), despite the fact that 97% of the sequences from these scaffolds were recruited by this genome with a mean of 82.5% NT ID (Figure 2 and Supplementary Table 7) . Genes involved in BChl and chlorosome biosynthesis were observed on these scaffolds, and a gene encoding a type-1 photosynthetic reaction center gene (pscA) was observed when the clustering stringency was lowered to 80%. Although the number of Cluster-4 scaffolds was small, these scaffolds were the largest produced by the Celera assembler (the average size was 4300 000 bp, and the largest was 1.6 Mb; see Table 1 ). The Ca. C. thermophilum genome recruited 8.1% of all unassembled metagenome sequences, 90.8% of which were jointly recruited (Figure 2) . The % NT ID distribution of these sequences suggested that, whereas there are native mat organisms nearly identical to the Ca. C. thermophilum isolate at some loci (Figure 2) , most Cluster-4 sequences are derived from organisms that are more distantly related to Ca. C. thermophilum than any species belonging to the same genera that we investigated (Supplementary information Section 3). The high proportion of syntenous, jointly recruited metagenome sequences from the genome recruitment analysis was evidence for conservation of synteny within this population, which probably contributed in part to the longerthan-average assemblies.
(iv) Chlorobiales-Like Organisms. Cluster-5 scaffolds had oligonucleotide frequency signatures similar to that of the Chloroherpeton thalassium genome (Figure 1 ) and contained phylogenetic marker and functional genes ( Table 3 ) that are typical of members of the Chlorobiales. The genome of C. thalassium recruited 8.4% of the metagenomic sequences across all temperature-spring combinations, most of which were from low-temperature samples and were disjointly recruited (Table 2 and Figure 2 ). Although they were not found on scaffolds 420 kb, many recA sequences were recruited that, like the C. thalassium recA sequence, form an out-group to the clade that contains the Figure 3 The PufL and PufM phylogeny and genomic context. The neighbor-joining phylogenetic tree of the PufL and PufM sequences from a novel Chloroflexi metagenomic scaffold from Cluster-6 and from sequenced genomes; asterisks at nodes indicate bootstrap support 450% (1000 replications). A more detailed tree is shown in Supplementary Figure 12 . The genomic context of the genes encoding the type-2 reaction center and the light-harvesting polypeptides in the metagenomic scaffolds and chromosomes of Chloroflexus and Roseiflexus isolates is also shown. The jagged lines indicate positions on scaffolds that are interrupted by a lack of overlapping sequence data between contigs.
well-characterized chlorophototrophs in the order Chlorobiales (Supplementary Figure 10) . The 63.4% mean NT ID to C. thalassium homologs was approximately equal to the % NT ID of homologs belonging to different genera within a kingdom-level lineage (Figure 2 and Supplementary information Section 3). Hence, phylogenetic information alone did not provide high confidence that these sequences were derived from members of the Chlorobiales. Functional genes found on the scaffolds of this cluster clarified the potential physiological properties of this population. In particular, one scaffold contained a gene encoding a homolog of the Fenna-Matthews-Olson protein, which is a BChl-a-binding antenna protein involved in anoxygenic photosynthesis and only known to occur in the members of the Chlorobiales and chlorophototrophic Acidobacteria (Bryant et al., , 2011 . High-performance liquid chromatographic analysis of pigments extracted from the Mushroom Spring mat will be published elsewhere (M Pagel and DA Bryant, unpublished data), but preliminary results indicated the presence of BChl-d, which replaces BChl-c as the aggregated pigments within the chlorosomes of 'green' chlorophototrophic Chlorobiales. Other Cluster-5 scaffolds contained homologs of the reaction center subunit gene pscA ('OS GSB PscA'; Bryant et al., 2007) , pscB, pscD as well as csmC, a gene encoding a chlorosome envelope protein that has no homologs in other chlorosome-containing chlorophototrophs and thus is currently diagnostic for Chlorobiales (Bryant et al., 2011) .
(v) A Novel Anaerolineae-Like Chlorophototroph. Cluster-6 scaffolds were not similar in oligonucleotide composition to any isolate genome, but contained phylogenetic marker genes associated with bacteria from Kingdom Chloroflexi (Figure 1) . The RDP Bayesian Classifier assigned a full-length 16S rRNA sequence in this cluster to the taxonomic class Anaerolineae with 95% confidence, and this observation was supported by phylogenetic analysis (see Supplementary Figure 11 ). Furthermore, genes encoding ribosomal proteins and recA genes (Table 3) supported this kingdom-level phylogenetic assignment. In particular, a recA gene associated with assembly Cluster-6 ('RecA 6'; Supplementary Figure 10 ) is phylogenetically earlier diverging than the monophyletic clade containing known chlorophototrophic Chloroflexales (for example, Roseiflexus and Chloroflexus spp.). Several genes involved in anoxygenic chlorophototrophy were encoded on the same scaffold as the 16S rRNA gene in Cluster-6. This cluster also contained bchXYZ genes encoding the subunits of the light-independent chlorophyllide reductase, an enzyme required for the biosynthesis of BChl-a , as well as other BChl biosynthesis genes (bchD, bchF, bchH and bchI) common to the BChl-a and BChl-c biosynthetic pathways. A separate scaffold in this cluster contained non-fused pufL and pufM sequences homologous to Chloroflexi sequences but in a unique genomic context (Figure 3 ). Phylogenetic analysis of the PufL and PufM sequences showed that, in comparison with those of known filamentous anoxygenic chlorophototrophs in the Chloroflexales, these sequences occupy novel and/or basal positions in a phylogenetic tree (Figure 3 and Supplementary Figure 12) . When compared to their closest homologs in the Chloroflexus and Roseiflexus spp. genomes, these PufL and PufM sequences had amino-acid identities of 48% and 62%, respectively.
Assembly-independent BLASTN analysis showed that the metagenome sequences comprising Cluster-6 scaffolds had low % NT ID (60-66%) to the Chloroflexi genomes. Approximately 33% of the sequences comprising the Cluster-6 scaffolds were not recruited by any reference genome above the established cutoffs, and thus were 'null' bin sequences (see Supplementary Table 7) .
(vi) Novel Putatively Chemoorganotrophic Populations. The scaffolds in Clusters 7 and 8 did not have oligonucleotide frequencies similar to any tested isolate genomes, and contained functional and phylogenetic marker genes (including 'RecA 7' in Supplementary Figure 10 ) with very distant relationships to sequences in currently available public databases. Most metagenomic sequences contained in these scaffolds were not recruited by a reference genome above the specified cutoff and were assigned to the 'null' bin, but some sequences were recruited at low % NT ID by multiple genomes (Supplementary Table 7 ). Clusters 7 and 8 did not contain any genes homologous to those specific for chlorophototrophy. Both clusters contained genes encoding caa 3 -type cytochrome c oxidases, which suggested the potential for aerobic oxidative phosphorylation to exist in the organisms contributing these sequences. Cluster-7 additionally included scaffolds encoding glycolate oxidase (glcD) and acetyl-CoA synthetase (acs) genes (Table 3) . Thus, the organisms contributing these sequences may have the potential for aerobic chemoorganotrophy using glycolate and/or acetate as an electron donor.
No assembly clusters corresponded to organisms related to Thermomicrobium roseum, Thermus thermophilus or Thermodesulfovibrio yellowstonii, but the genomes of these isolates recruited sequences above 75% NT ID (Table 2 and Figure 2 ). All other reference genomes recruited a low number of sequences with low % NT ID values (Supplementary Figure 13 ). Approximately 20% of metagenomic sequences could not be associated with any reference genome above an e-value cutoff of 10 À10 using the specified parameters and were assigned to the 'null' bin.
Patterns of metagenomic diversity (i) Multiple Populations in Recruitment Bins.
Recruitment analysis of the metagenomic clones from the 65 1C Mushroom Spring sample showed at least two populations, one with 492% NT ID and one with 83-92% NT ID, relative to the Synechococcus sp. strain-A genome (Figure 4) . The more divergent sequences were likely contributed by A 0 -like Synechococcus spp., as they showed 498% NT ID with homologs in a metagenome produced by pyrosequencing from a 68 1C sample from Mushroom Spring, known to be dominated by these genotypes (Supplementary information Section 6 and Supplementary Figures 3 and 14 ; Ferris et al., 2003) . These accounted for only 1.57% of the A-like sequences in all metagenomes (Table 2) .
(ii) Synteny versus Relatedness. There was a positive relationship between the degree of genetic relatedness and the conservation of synteny in both metagenomic sequences and genomic reference sequences as compared with Synechococcus sp. strain-A ( Figure 5 ). Metagenomic sequences originating from A-like organisms (that is, X92% NT ID with the Synechococcus sp. strain-A genome) showed greater synteny with respect to the Synechococcus sp. strain-A genome than did sequences associated with A 0 -like organisms (that is, 83-92% NT ID with the Synechococcus sp. strain-A genome), which in turn showed higher synteny than did B 0 -like sequences (that is, comparing sequences that had X90% NT ID to the Synechococcus sp. strain-B 0 genome with homologs in the Synechococcus sp. strain-A genome). To assess synteny with more distantly related isolate genomes, we compared paired-end sequences of simulated metagenomic fragments (comprising sequence fragments from representative cyanobacterial isolate genomes fractionated to reflect the range of sizes and the abundances of our Sanger metagenome clone inserts) with the Synechococcus sp. strain-A genome (Supplementary information Section 3). Synteny between the Synechococcus sp. strain-A and B 0 genomes was nearly identical to that observed empirically, but synteny between the Synechococcus sp. strain-A genome and the more distantly related genomes was almost undetectable (Figure 5 ).
Evidence for homologous recombination. Metagenomic clones, whose disjointly recruited ends can each be confidently associated with different reference genomes, provided evidence for possible past gene exchange between A-like Synechococcus spp. and members of the Synechococcus A 0 and B 0 lineages, as well as between these cyanobacteria and filamentous anoxygenic chlorophototrophs or Ca. C. thermophilum. The relative percentage of clones, whose end sequences could be confidently associated with Synechoccoccus sp. strain-A on one end and with other populations on the other end, decreased from 26% for all A 0 -like sequences (that is, 83-92% NT ID to Synechococcus sp. strain-A; no isolate genome is available from this organism type) to 4.5% for all Synechococcus sp. strain-B 0 -like sequences (that is, 490% NT ID to Synechococcus sp. strain-B 0 ), to 1.1% for sequences associated with a more distantly related cyanobacterial reference genome (that is, Thermosynechococcus elongatus BP-1) and to 0.2% for sequences associated with yet more distantly related genomes (that is, Roseiflexus sp. strain RS1, Chloroflexus sp. strain 396-1 or Ca. C. thermophilum). Many of these disjointly recruited metagenome sequences encoded CRISPRassociated proteins putatively involved in adaptive responses to phage predation. Some recombination events among cyanobacteria and more distantly related organisms may thus be indicative of phagehost interactions (Supplementary Table 9 paired-end sequences that were recruited to bacterial genomes other than from cyanobacteria. Such mobile genetic elements may even be transferred across distant lineages (Supplementary Table 9 ).
Discussion
This 167-Mb metagenome study of the green mat layer of Octopus and Mushroom Springs resulted in depth-of-coverage estimates between B1.7X and B5.7X for the eight dominant populations demarcated by scaffold clustering (Table 1) . The complexity of this metagenome was relatively limited compared with the metagenome of a nonthermal, hyper-saline phototrophic, microbial mat from Guerrero Negro in Baja California Sur, Mexico (B105 Mb total metagenomic sequence; Kunin et al., 2008) , which did not produce assemblies greater than B8400 bp in length. Metagenomic studies of less complex microbial communities have benefited from the assembly of metagenomic sequence data to identify and characterize the function of novel community members for which reference genomes of closely related organisms are not available (for example, Tyson et al., 2004; Simmons et al., 2008; Dick et al., 2009; Denef et al., 2010; Inskeep et al., 2010) . The structure of the Octopus and Mushroom Spring mat communities enabled us to use similar strategies to link community composition and potential function in these mats by resolving the phylogenetic and genomic context of individual functional genes, which led to the assignment of metabolic characteristics for microorganisms previously known only by the presence of 16S rRNA sequences.
Linkage between community composition and potential community function The observation of assembly clusters with genes that indicated metabolic properties consistent with Synechococcus spp., Roseiflexus spp., Chloroflexus spp. and Ca. C. thermophilum was expected. However, the ability to associate functional potential with phylogeny also enabled us to link genes indicative of anoxygenic chlorophototrophy with a Chlorobiales-like population, and thus to confirm suspicions based on 16S rRNA sequence data that were not definitive and on a pscA sequence that previously could not be linked to phylogenetic markers. The ability to link functional and phylogenetic markers through assembly also enabled the discovery of three new predominant populations of organisms in this mat, which is remarkable because this system has been studied by numerous microbiologists over many decades.
One newly discovered population (Cluster-6), which has the functional potential for anoxygenic chlorophototrophy, is most closely related to cultured chemoorganotrophic bacteria isolated from thermal environments belonging to the classes Anaerolineae and Caldilineae within Kingdom Chloroflexi (Sekiguchi et al., 2003; Hugenholtz and Stackebrandt, 2004; Yamada et al., 2006 Yamada et al., , 2007 . We detected the 16S rRNA sequences of these populations (Supplementary Figure 4 and Liu et al., 2011) but were unable to infer from them a phototrophic phenotype, as these lineages of Kingdom Chloroflexi had not been known previously to contain phototrophic organisms. The novel population forms an out-group to the currently known filamentous anoxygenic chlorophototrophs within Order Chloroflexales and sequences of non-phototrophic Chloroflexi (Supplementary Figure 11) . Before this discovery, chlorophototrophy in Chloroflexi was thought to be restricted to the Chloroflexales, which seemed to have evolved from a chemoorganotrophic common ancestor of this group and the nonphototrophic organisms in Order Herpetosiphonales. The discovery of chlorophototrophy in another deeply rooted branch of Kingdom Chloroflexi suggests that it is plausible that chlorophototrophy was an ancestral trait in Kingdom Chloroflexi that RS-1 relative to the Synechococcus sp. strain-A genome. These genome fragments were generated in silico to represent the same proportion of insert sizes as observed in the distribution of metagenome sequences that were recruited by the Synechococcus sp. strain-A genome. % NT ID, percent nucleotide identity.
was subsequently lost in some descendant lineages. Possible ancestral traits in Kingdom Chloroflexi can be inferred from properties shared between the newly discovered Anaerolineae-like chlorophototroph and members of Chloroflexales. All contain genes needed for BChl-a synthesis and type-2 photosynthetic reaction centers similar to those of Proteobacteria, but some members (for example, Chloroflexus spp.) also have chlorosomes, a trait shared with Chlorobiales and one member of the Acidobacteria (Bryant et al., 2011) . It is not yet known whether the newly discovered chlorophototroph has the capability of producing BChl-c and chlorosomes.
Genes indicating chlorophototrophic metabolism were not found on metagenomic scaffolds of two other newly discovered populations corresponding to Clusters 7 and 8, yet these scaffolds provide an estimated depth of coverage that is greater than that of Chloroflexus spp. represented by Cluster-3 in which nine phototrophy genes were observed. Genes for oxidation of reduced inorganic compounds were not observed, but these organisms apparently possess genes that encode enzymes involved in aerobic respiratory metabolism. One of these populations has the genes necessary for oxidation of glycolate and acetate, which are known to be produced and excreted by mat cyanobacteria and can be metabolized by other community members (Bateson and Ward, 1988; Nold and Ward, 1996; .
Pyrosequencing of cDNA from reverse-transcribed rRNA showed that most rRNAs (B88%) dominating the upper green layer of the mat are derived from the same eight phylogenetic groups identified in the metagenome. The linkage of rRNA sequences matching those in the scaffold clusters from the shotgun metagenomic data contributed to the assignment of functional roles for five of the eight predominant populations in the upper green layer of the Octopus and Mushroom Springs.
Description of functional guilds
Our analysis of the attributes of eight distinct assembly clusters (Table 3) provided evidence for the functions of major taxa, which we assigned to functional guilds according to their partitioning of environmental resources and conditions (Table 4) . Cyanobacteria perform oxygenic photosynthesis using the visible light spectrum, but other chlorophototrophic groups have the potential to harvest near infrared light. For instance, Roseiflexus spp. have the genes to produce BChl-a harvesting 850-to 900-nm light. Two phylogenetic groups share the potential to produce BChl-c, whereas the Chlorobiales-like organisms likely produce BChl-d. The Chlorobiales-like population also contained genes essential for producing chlorosomes, which are also known to occur in Chloroflexus spp. and Ca. C. thermophilum isolates (Pierson and Castenholz, 1974; Bryant et al., 2007) . These observations suggest that these three populations harvest primarily 700-to 750-nm light, and finer niche differentiation within this group is precedented by the BChl-d-containing Chlorobiales. Such niche partitioning among chlorosome-containing chlorophototrophs in natural environments has been shown by the Ranges in which the absorption maxima of the light-harvesting systems of these guilds are maximal in the red to near-IR of the electromagnetic spectrum. b B 0 -like sequences were much more predominant at 60 1C than at 65 1C. A-like sequences were observed at 60 1C and were predominant at 65 1C.
c Mixotrophy refers to both heterotrophic and autotrophic growth, perhaps simultaneously (Bryant et al., 2011). d Insufficient evidence currently exists to determine whether this organism can synthesize other chlorophylls, and to know its principal absorption range in the near-IR.
vertical stratification of BChl-c-, BChl-d-and BChl-e containing organisms in lakes (see discussion in reference Maresca et al., 2004) . Further niche partitioning undoubtedly explains the coexistence of different types of phototrophs using similar light wavelengths. One possibility is that the different members of a functional guild differ in terms of carbon metabolism. For instance, among phototrophs using 700-to 750-nm light, native Chloroflexus spp. have the genetic potential for carbon fixation through the 3-hydroxypropionate pathway Bryant et al., 2011) , but most Chloroflexus aurantiacus strains achieve higher growth rates in culture with photo-heterotrophic metabolism (Madigan et al., 1974; Pierson and Castenholz, 1974) and may conduct mixotrophic rather than autotrophic carbon metabolism in situ (Bryant et al., 2011) . However, Ca. C. thermophilum and the Chlorobiales population do not appear capable of autotrophic metabolism and are more likely heterotrophic.
Another possible explanation for niche differentiation among these phototrophs is temperature adaptation. Chloroflexus spp. sequences were relatively more abundant in the 65 1C metagenome, whereas the Ca. C. thermophilum and Chlorobialeslike organisms were relatively more abundant in the 60 1C metagenome (Table 2 and Supplementary  Figure 6 ). At this time, Ca. C. thermophilum spp. and Chlorobiales-like organisms cannot be placed into separate functional guilds on the basis of carbon metabolism or temperature preference. Differences in electron donor utilization could also be involved in niche partitioning, but deeper metagenomic sequencing, coupled with genetic and physiological studies, will be required to test this hypothesis. Differences in the timing of gene expression provide additional clues to explain the coexistence of populations, which cannot be separated based on putative physiological differences inferred from gene content .
Differences between metagenomes and isolate genomes
The taxonomic resolution of the phylogenetic groups defined by scaffold clustering in this study is approximately at the level of named genera. However, population genetics studies of uncultivated Synechococcus spp. from Octopus and Mushroom Spring have indicated the presence of numerous, genetically distinct ecotypes within the A-like and B 0 -like lineages that occupy discrete positions along environmental gradients (for example, light and temperature (Melendrez et al., 2011; ED Becraft, FM Cohan, M Kü hl, S Jensen and DM Ward, unpublished) and show different metabolic regulation over the diel cycle . Consistent with these findings, the genetic and functional differences in metagenomic Synechococcus spp. populations in comparison with the two cyanobacterial isolate genomes showed ecological heterogeneity within closely related phylogenetic groups. The discovery of ferrous iron transporter homologs in Synechococcus sp. A-like populations (this study), and in B 0 -like populations (Bhaya et al., 2007) , as well as the presence of these genes in the Roseiflexus sp. strain RS1 genome (van der Meer et al., 2010) , suggests that the ability to use Fe 2 þ might be a common adaptation among the mat community members. The presence of genes for an alternative pathway for urea metabolism in the metagenomic A-like Synechococcus provides additional evidence that urea may be an important nitrogen-containing nutrient in these mats (Bhaya et al., 2007) .
Overall, there were few examples of functional genes present in native populations but absent in the genomes of sequenced isolates; however, it is clear that ecological diversification also occurs through mechanisms other than differences in gene content. For example, adaptations to temperature (Miller and Castenholz, 2000; Allewalt et al., 2006) may be based on adaptive nucleotide substitutions (Miller, 2003; Ward et al., 2011a) . The metagenomic diversity with respect to the Roseiflexus sp. RS1 genome likely encompasses multiple ecologically distinct Roseiflexus spp., such as those showing different distributions along the flow path in these mats (Ferris and Ward, 1997; Nü bel et al., 2002; Ward et al., 2006) .
Insights into genome evolution
Comparisons of metagenomic sequences and genomes of representative mat isolates also yielded insights into genome diversity among closely related populations. Cyanobacterial genomes are less syntenous with each other at a given degree of sequence divergence compared with other taxonomic groups (Rocha, 2006; Frangeul et al., 2008) . The number of translocations and transpositions evident when comparing the genomes of Synechococcus spp. strains A and B 0 has caused nearly a complete lack of synteny between them (Bhaya et al., 2007 ), yet it is apparent that Synechococcus spp. more closely related to either Synechococcus sp. strain-A or B 0 are more syntenous to their respective closest relative. Both synteny and the number of disjointly recruited metagenomic clones, which might document past recombination events, decrease as the genetic relatedness between two organisms decreases. The latter trend is consistent with empirical findings in Escherichia, Bacillus and Streptococcus spp., which showed that recombination rates declined as the genetic distances between organisms increased (Roberts and Cohan, 1993; Vulić et al., 1997; Majewski et al., 2000) . Our results suggested that homologous recombination between populations as divergent as Synechococcus spp. strains A and B 0 has generally been uncommon (B5% of the total number of sequences recruited by either Synechococcus sp. strain-A or B 0 ). Comparative genomic studies have shown that, although gene transfer among cyanobacteria is evident (Zhaxybayeva et al., 2006) , these events have been infrequent to the degree that they do not obscure inferences about the phylogenetic relationships in this kingdom (Kettler et al., 2007; Swingley et al., 2008; Zhaxybayeva et al., 2009; Melendrez et al., 2011; Popa et al., 2011) .
Conclusion
This metagenomic study showed that the chlorophototrophic communities inhabiting the effluent channels of Octopus and Mushroom Springs were more phylogenetically and physiologically diverse than was known on the basis of light microscopy, traditional cultivation methods and previous 16S rRNA surveys. The combination of depth of coverage and limited diversity enabled metagenomic assemblies leading to (i) the confirmation of a novel chlorophototrophic member of Chlorobiales in these mats and (ii) the discovery of several novel populations, including a chlorophototroph in a novel lineage of Chloroflexi and two types of putatively chemoorganotrophic community members more representative of the native populations than the currently cultivated chemoorganotrophic isolates. This effectively doubled the number of predominant populations known to inhabit the mat. Deepercoverage metagenomes are in production that will further enhance our understanding of the physiological potential of the dominant members of this microbial mat community. The availability of genomes of isolates closely related to native populations enabled (i) the discovery of functions not represented by the isolates and (ii) the observation that breakdown of synteny and exchange of genetic information are functions of how much populations have diverged. Finally, the results of these analyses provide the foundation for interpreting the metatranscriptome of the Mushroom Spring mat over a portion of the diel cycle in an accompanying study .
